A theoretical study of oxygen adsorption on gold and gold-silver surfaces by means of density functional theory (DFT) calculations with an atomistic thermodynamic model is performed. The (111) and (211) facets of gold and gold-silver alloy surfaces are considered, and their stabilization is discussed upon adsorption of oxygen depending on O and Ag coverage. The details of how the DFT-based atomistic thermodynamic model can apply to the transition metal surface are also presented in this work.
Introduction
Activation of molecular oxygen is a critical step in heterogeneous catalysis, and the interaction of the molecular oxygen with the metal surface affects the stability and reactivity of the catalyst [1] [2] [3] [4] [5] [6] [7] [8] [9] . These are important for the oxidative chemistry and play important roles in the global economy. The main issue is understanding and predicting oxidation catalysis in O 2 activation on transition metal surfaces in heterogeneous catalysis processes [9] . Methoxy and formaldehyde production from methanol [10] , CO oxidation [11] , ethylene epoxidation [12] , and hydrocarbon conversion [13] in catalytic converters can be given as examples for the important catalytic processes including O 2 activation on transition metals.
Another important point in the activation of molecular oxygen is that charge transfer from metal surfaces to the stable oxygen molecule becomes more reactive, yielding CO, for example, and lowers the dissociation barrier of O 2 [9, 14] . This energy barrier depends on the electronic and geometric structure of the metal surface. For this reason the prediction of the surface structure for the active oxygen on the surface is the key step in surface science since the surface O reacts with surface molecules (such as CO, methanol, and methoxy) in catalytic reactions. To understand the catalytic function of the metal surfaces, the knowledge of oxidation properties of transition metal surfaces is important. In particular, the surface properties can change under oxidation reaction conditions and show different reactivity and selectivity.
With the discovery of catalytic activity of gold, there is rapid increase in the number of Au-based catalysts for the industrially important chemical processes mentioned above. Research on Au-based catalysts has gained momentum due both to their activity and selectivity at low temperatures and their low environmental impact. Meanwhile, studies on gold-based catalysis have been extended to gold alloys with Ag or Cu [15, 16] . chemical composition [16, 17] . The Ag content increases the catalytic activity and selectivity in oxidation reactions [14, 16, 18, 19] . For example, the step sites of Ag-Au alloy can dissociate O 2 with the help of Ag atoms [19] [20] [21] , while Au step sites cannot dissociate according to previous studies [22, 23] .
Adsorbed O with other reactive species act as initiators for many reaction steps on Au and Ag surfaces. Experimental studies have indicated that Au and Ag surfaces pretreated with atomic oxygen successfully catalyze selective oxidation [24] [25] [26] . The catalysts used in these experiments include clean oxygen pretreated [24] [25] [26] , reconstructed [27, 28] , and defective [27, 28] Au and Ag surfaces. Surface oxidizing species such as O, OH, and CH 3 O are needed for reaction to occur on the surface, and the site where they react with surface intermediates will be the active site. Moreover, chemisorbed O has a crucial role in the stabilization of surface water and the formation of hydroxyl groups on the surface [29, 30] . Though there exist theoretical studies on the structural and electronic properties of oxide transition metal surfaces [31] [32] [33] , there are very few comparable and complete studies on the thermodynamic properties. Also, a detailed study of how the DFT-based atomistic thermodynamic model can apply to the transition metal surfaces including bimetallic surfaces is absent. For these reasons, we have theoretically studied the surface stability of the flat and step surfaces of Au with Ag-Au bimetallic surfaces and compared that with experimental results.
In this study, we present the details of DFT-based atomistic thermodynamic modeling for metal surfaces.
Then we report on the thermodynamic stability by using an ab initio atomistic thermodynamics method [31, [33] [34] [35] [36] [37] of on-surface oxygen on flat and step Au and Ag-Au surfaces as a function of temperature and partial pressure of O 2 as well as change of their properties in the presence of Ag.
Method

Computational details
All DFT calculations in the present work are performed using the Vienna Ab initio simulation package (VASP) [38, 39] with the GGA-PBE [40] functional to describe electron exchange and correlation. We employ the projector-augmented wave method [41, 42] with a plane-wave basis set (cutoff = 400 eV). For the Brillouin zone integrations, we use a Γ -centered 7 ×7 ×1 Monkhorst-Pack k-point grid [43] . The (111) and (211) surfaces are modeled by a four-layer slab with a vacuum of 13 Å between slabs. Tkatchenko-Scheffler correction [44] is used for van der Waals interactions. Spin polarization is not employed since the effect of polarization was found to be negligible during preliminary tests. Adsorption energies of oxygen on the surface are obtained as follows:
where E total , E surface , and E oxygen are the total energy of the structure, the energy of the pristine surface (without any adsorbate), and the energy of the oxygen atom in the gas phase, respectively.
Atomistic thermodynamic model
DFT has become a standard tool for electronic structure calculations to understand the ground state properties at 0 K, and using the DFT results can provide detailed information in the microscopic regime. The results from DFT are then combined with the concepts of thermodynamic and statistical mechanics to get the material properties in meso-and macroscopic regime. In results from the electronic structure calculations the temperature (T) and pressure (P) effects on the material properties are not included as the obtained physical quantities are only valid at 0 K and zero pressure. For this reason, to describe the situations of a considered system under temperature and pressure, the DFT results can be used for the thermodynamic considerations [19, 33, 45] .
To describe the considered system under oxidation conditions at a finite temperature and pressure, the results from DFT calculations can be used as input. Then the related thermodynamic functions can be evaluated over the temperature and pressure range [45] . Here, the key quantity is the Gibbs free energy, G :
where E tot is the total energy obtained from electronic calculations, F vib = E ZP E -T S vib is the vibrational free energy, S conf is the configurational entropy, and the last term is the product of pressure and volume. If the considered system is in thermodynamic equilibrium, the DFT and the thermodynamics can be applicable to the system. Another important point is that if the system is in thermodynamic equilibrium, the system can be divided into smaller subsystems, which are in thermodynamic equilibrium with each other (see Figure 1 ). Therefore, each subsystem can be treated separately within DFT. Such atomistic thermodynamics can be used to calculate the surface free energy and once for the Gibbs free energy of adsorption.
For a system in thermodynamic equilibrium, one component of the system can be described with thermodynamic quantities of internal energy (E), entropy (S), volume (V), the number of particles (N), and the chemical potential ( µ ) in the system as:
If a homogeneous bulk material is cleaved, two surfaces with surface area of A are created by increasing the internal energy of the system proportional to the surface area. The constant of proportionality can be defined as the surface energy [46] , γ , and the surface energy cleaved from the bulk can be written as: Introducing the Gibbs free energy in Eq. (2.2), the surface free energy in more general form is defined as:
where G surf is the Gibbs free energy of cleaved bulk structure, and µ i (T, P i ) is the chemical potential of the various species (i) in the system. In the case of the metal-oxide system the surface free energies will be investigated as a function of chemical potential of metal and oxygen. For this reason, the surface free energy, γ , in Eq. (2.5) can be modified as follows:
where N m and N O are the number of metal and oxygen atoms in the system, µ m and µ O are the chemical potentials of metal and oxygen atoms, and A is the surface area. In previous works [36, 45] , it was shown that the vibrational and entropy contributions have small contributions and these quantities do not vary so much for different surface configurations. From a simple dimensional analysis for the PV, its contribution to the surface free energy per surface area (PV/A) will be 10 −3 meV/A 2 at 1 atm. For the vibrational contribution, it was reported that the F vib value stays within ∼5 meV/A 2 for the entire temperature rate up to 600 K according to the variations of the characteristic vibrational modes [31] . Therefore, the Gibbs energy, G surf ,
can be approximately obtained from the DFT total energy. If the considered system is a bimetallic system, the calculation of chemical potentials of metal atoms will be complicated. To calculate the chemical potentials, we assume that the surface is in thermodynamic equilibrium with a dilute metal bulk alloy ( mn , N m =1, N n = N mn − N m ) and a reservoir of molecular oxygen.
Then the chemical potentials of metals m and n can be calculated by using the total energies of the bulk structures as follows:
The chemical potential of molecular oxygen as a function of temperature and pressure is given by:
where E O2 is the O 2 energy in gas phase. For the total energy of the molecular oxygen O 2 , we have used the corrected energy obtained from the experimental heat formation energy of water ( ∆ f H 0,H2O ) as:
The relative chemical potential of oxygen, ∆µ O2 (T, P ) , is defined as:
where P 0 is the atmospheric pressure ( ∼ 1 atm) and the µ O2 (T, P 0 ) is the thermodynamic function of O 2 . We use tabulated enthalpy and entropy values to calculate ∆µ O2 , as done in previous work [31] . Here, the zero-point vibrational energy term ( ∆ ZPE) was not considered due to its small energy contribution ( ∼20 meV).
Results
Ag(111) and Au(111) surfaces
We begin our study on the stability of adsorbed oxygen by examining oxygen on the Ag(111) and Au (111) surfaces. According to the calculated adsorption energies (see Figure 2 ) for the considered surfaces, the O on Ag(111) is found more stable than the Au(111) surface at different surface O coverages. However, the fully Ag To identify which surface coverage is most thermodynamically stable for a certain temperature and the partial O 2 pressure (P O2 = 1, 10 −3 , and 10 −12 atm), the surface free energies are plotted in Figures 3a-3c for the most favorable configurations at the coverage of 1/9-9/9 monolayers (ML, number of adsorbates per number of surface metal atoms) O on Ag(111). The 2/9 ML O coverage having the lowest surface free energy in the phase diagram is the most stable, and surface structures lower than 4/9 ML O coverage are found to be 
Au(211) and AgAu(211) surfaces
Results from previous studies [19, 47] showed that the dissociation of oxygen molecules is easier on the step surface of Au(211) than the flat Au(111) surface. For this reason, understanding the effect of the step surface on the stabilization of oxygen becomes important. Besides this, the Ag content of the Au(211) surface can increase the dissociation probability on the surface, increasing the surface activity [19] . In this part of the study, we first investigate the thermodynamic stability of surface O coverage in Au(211) and dilute AgAu(211) surfaces, and then work on the effect of the Ag content in the stabilization of the O adsorption under thermodynamic conditions. In the AgAu(211) surface, all surface step atoms are replaced with Ag atoms, resulting in Ag surface coverage ( Θ Ag ) of 6/9 ML. We have found that the O atoms are more stable on the step surface than the flat surface of Au (0.14 eV stronger), and an additional 0.28 eV more strongly on AgAu(211) than Au(211) surface.
The adsorption energies are presented in Figure 5 for different on-surface O coverages in a range between 1/9 and 6/9 ML O. The surface free energies for the 1/9-6/9 ML O coverages on Au(211) and AgAu(211) surfaces are given in Figure 6 . Our results show that the most favorable O coverage is 6/9 ML on both surfaces incorporating the most stable O-Au-O atomic arrangement at the partial pressure of O 2 1 atm. Under UHV conditions, the 1/9 ML O coverage becomes more favorable at temperatures higher than 370 K for the Au(211) and higher than 480 K for the AgAu(211) surface. At 10 −3 atm, the 1/9 ML O coverage on Au(211) becomes more stable than the 6/9 ML at higher temperatures. In previous studies, the higher O coverage at 400 K is found to be stable and the formation of chemisorbed surface O was seen due to the porous structure of the surface [32, 48] .
The thermodynamic stability and also the surface O coverage becomes critical in determining the selectivity of Au and AuAg surfaces in oxidation catalysis [49] . It is reported that the partial pressure of O 2 can affect the selectivity of the Au and AuAg alloy surfaces. Our results are consistent with these results and support the experimental results in the study of Wittstock et al. [49] .
Our results also show that the AuAg surfaces have chemisorbed surface O under experimental reaction conditions [50] , at 423 K and 5 ×10 −2 atm, and the thermodynamic stability of surface O depends on the Ag concentration on the surfaces [49] .
To understand which surface O coverage is most thermodynamically stable for a given temperature and Ag coverage, we have calculated the surface free energies for the most stable adsorption configurations at O coverage of 1/9, 2/9, 3/9, and 6/9 ML. Thermodynamic analysis as given in Figures 7a-7h also shows that higher partial pressure of O 2 and lower temperature can stabilize the surface. We have found that, for the bare Au(211) surface, a coverage of 1/9 ML oxygen is the most thermodynamically stable above room temperature and 1 atm pressure, and 2/9 ML O becomes more stable around room temperature. When a Ag atom is substituted to the surface (see Figure 7b ), the transition from the 1/9 ML to 2/9 ML O coverage occurs at higher temperature as a result of strong O-metal interaction (see Figures 7b-7e ). While the 3/9, 4/9, and 5/9 ML Ag coverage can stabilize the surface at O coverage of 2/9 ML at lower chemical potential (or equivalently lower temperature), the trend changes at higher temperatures for the surface at O coverage of 3/9 ML; see Figures 7d-7f. It is easy to see that the 6/9 ML O coverage is obviously separated, and it is the most stable one on the AgAu(211) surface at the Ag coverage of 6/9 ML as seen in Figure 7g . Overall, the fully O-covered surface of AgAu(211) at different Ag coverages is the most stable at lower temperatures, and the phase transition from the higher O coverage to lower O coverage is only observed at higher temperature. It can be said that the O is thermodynamically stable at ambient thermodynamic conditions for the higher Ag concentration on the surface.
Summary and conclusion
We have presented an internally consistent thermodynamical approach for the calculation of the thermodynamic stability of transition metal surfaces. To establish a relationship between the calculations and experimental conditions, we have used this atomistic thermodynamic scheme for the O on flat Ag(111) and Au(111) and step Au(211) and bimetallic AgAu(211) surfaces. In order to assess the extent of surface oxidation in the presence of In order to elucidate the temperature and pressure dependence of the adsorption of oxygen on the Ag(111), Au(111), Au(211), and AgAu(211) surfaces, we have used a DFT-based atomistic thermodynamic model. For the Ag(111) surface, O coverage lower than 4/9 ML is found to be the most stable at temperatures lower than 400 K. At higher O 2 partial pressure (1 atm), the 1/9 ML O coverage becomes the most stable one. Overall, the lower O coverages in Ag(111) are more stable at lower temperature and higher pressure. For the Au(111) and
Au/Ag/Au(111) surfaces the surface free energy profiles are nearly same, and the most favorable O coverages are 1/9 and 2/9 ML O. However, the 3/9 ML O coverage on Ag/Au(111) is found to be stable at a wide range of temperatures and pressures, and the O may be observed under UHV conditions in the experiment. It is interesting to note that O coverages lower than 3/9 ML are more stable on Ag(111) surface. For the bimetallic AgAu(211) surface, the maximum surface O coverage is the most stable coverage at low temperatures and high pressures. Moreover, the oxygen is quite stable on the step at both low and high surface O coverage in AgAu(211). We have found that the Ag concentration can affect the thermodynamic stability of surface O, and the surface O at higher surface Ag concentration is stable at ambient thermodynamic conditions.
